Structural Comparison of the Plant Satellite Viruses  by BAN, NENAD et al.
VIROLOGY 214, 571–583 (1995)
Structural Comparison of the Plant Satellite Viruses
NENAD BAN, STEVEN B. LARSON, and ALEXANDER MCPHERSON1
Department of Biochemistry, University of California at Riverside, Riverside, California 92521
Received August 10, 1995; accepted October 11, 1995
Detailed structures are now available for three plant satellite viruses, satellite tobacco necrosis virus (STNV), satellite
tobacco mosaic virus (STMV), and satellite panicum mosaic virus (SPMV). It is, therefore, possible to compare the tertiary
structure of viral protein subunits, their quaternary interactions, and the interactions of protein subunits with the RNA
genome. This analysis indicates that, in spite of common function and preservation of a ‘‘jelly-roll’’ motif in the protein
monomer, the three viruses are remarkably different. The differences include the arrangement of secondary structural
elements, interactions of adjacent subunits, and the disposition of subunits relative to icosahedral symmetry axes. In each
of the three viruses, however, the narrow end of the jelly roll forms fivefold contacts. The fivefold protein interactions are
organized about a Ca2/ ion for STNV, an anion for STMV, and, apparently, neither of these for SPMV. Low-resolution neutron
diffraction studies using H2O/D2O solvent contrast variation revealed the general location of the RNA genome within the
STNV. In the case of SPMV, regions of electron density on the interior of the capsid could be assigned to RNA, although
it was not possible to model the nucleic acid. Only for STMV was nucleic acid visible in election density maps, and this
was manifested as double-helical RNA segments associated with each coat protein dimer. The observations presented
here provide no support for any common evolutionary relationship. q 1995 Academic Press, Inc.
INTRODUCTION ments of the subunits are identical (Caspar and Klug,
1962).
Satellite viruses are so named because they cannot The structure of STNV was solved about 15 years ago
replicate in the absence of a helper virus upon which in the Strandberg laboratory (Liljas et al., 1982; Jones and
they depend for enzymatic assistance. They are different Liljas, 1984). The structures of STMV and, most recently,
from satellite RNAs or viroids because they code for a SPMV have been solved and refined in our own labora-
protein which serves to encapsidate the genomic nucleic tory to resolutions of 1.8 and 1.9 A˚, respectively (Larson et
acid. All are host specific and specific as well for their al., 1993a,b; S. B. Larson and A. McPherson, unpublished
required helper virus. results; Ban and McPherson, 1995). Although all three
There are four well-characterized, protein-encapsi- structures are known, no detailed comparison of their
dated, satellite viruses of plants, each of T  1 icosahe- features has been made.
dral symmetry and having a diameter of about 170 A˚ These viruses have a genome size of 1239, 1059, and
(reviewed by Pritsch and Mayo, 1989). The viruses are 850 nucleotides and capsid protein molecular weights
satellite tobacco necrosis virus (STNV; Kassanis, 1962), of 21,000, 17,500, and 17,000 daltons, respectively
satellite tobacco mosaic virus (STMV; Valverde and (Pritsch and Mayo, 1989). The structure of the largest T
Dodds, 1986; Dodds, 1991), satellite panicum mosaic vi-  1 plant satellite virus, SMWLMV, is still unknown. The
rus (SPMV; Masuta et al., 1987), and satellite maize white genome of this virus consists of 1168 nucleotides and
line mosaic virus (SMWLMV; Zhang et al., 1991). These encodes for a 208-amino-acid protein with a calculated
have as their helper viruses tobacco necrosis virus, to- molecular weight of 23,961 daltons (Zhang et al., 1991).
All four viruses contain single-stranded RNA, but thebacco mosaic virus, panicum mosaic virus (PMV), and
RNAs show a very high propensity for base pairing andmaize white line mosaic virus, respectively. The host
likely exhibit an extensive secondary structure with aplants for the first two helper – satellite pairs are chiefly
substantial double-helix content. This can be calculatedtobacco; for the PMV – SPMV pair it is millet and for the
using the program FOLD (Devereux et al., 1984) em-last case maize. The satellite viruses can replicate in
ploying the algorithm of Zucker and Stiegler (1981).their host cells only when they are co-infected with their
Although superficially similar in size, appearance, andhelper virus (Francki, 1985; Zhang et al., 1991). The T 
composition, none of the satellite viruses show any im-1 viruses have 60 subunits related by perfect icosahedral
muno-cross-reactivity with each other, nor is there anysymmetry, implying that the conformations and environ-
significant amino acid or nucleotide sequence homology
among them. None shows any immuno-cross-reactivity
with its own helper virus, nor shows any substantial ho-1 To whom reprint requests should be addressed.
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TABLE 1
Crystallization and Crystal Characteristics for the Three T  1 Viruses Whose Structures Have Been Determined Crystallographically
Crystallization Crystal characteristics
conditions
Space Unit cell Noncryst. Resolution of
Virus pH Precipitate group dimensions symmetry diffraction (A˚) R factor Model
SPMV 7.0 Amm SO4, 30% P4232 a  b  c  5 subunits (one 1.9 A˚ using image plate and 0.21 Residues 17 –157
saturated 183.1 A˚ pentamer) synchrotron radiation (30 –1.9 A˚, and 82 water
F/s  3) mol.
STMV 6.5 Amm SO4, 16% I222 a  174.3 A˚ 15 subunits 1.8 A˚ using multiwire area 0.22 Residues 16 –159
saturated b  191.8 A˚ detector and crystals grown (6.0 – 2.9 A˚, and 15 water
c  202.5 A˚ in microgravity F/s  5) mol.
STNV 6.5 MgSO4, 1 mM C2 a  317.3 A˚ 60 subunits (an 2.5 A˚ using oscillation 0.27 Residues 12 –195
b  304.0 A˚ entire virus photography (7.5 – 2.5 A˚, and 148
c  184.6 A˚ particle) all water mol.
b  94.47 data)
mology at either the amino acid or the nucleotide level quences of technique or sample rather than the struc-
tures themselves. For example, crystallization conditionswith its helper (Pritsch and Mayo, 1989). Only in the 100
to 150 bases at the 3* ends of the genomic RNAs is there could well affect the nature of ions bound or the disposi-
tions of side chains.any substantial homology with the RNA of the helper
virus, and this is the region of the RNA believed to be The structure of STNV was solved from a monoclinic
crystal having the entire virus particle as the asymmetricbound initially by the helper virus replicase (Joshi and
Haenni, 1984). unit and grown from 1 mM MgSO4 at pH 6.5. The data
were collected with a conventional laboratory source on
photographic film using oscillation cameras. The structureMATERIALS AND METHODS
was determined by multiple isomorphous replacement and
Computational techniques
real space averaging within the asymmetric unit (Liljas et
al., 1982). It was refined by restrained least-squares proce-Coordinates of STNV were obtained from the Brookha-
dures with maintenance of strict icosahedral symmetry.ven Protein Data Bank, Chemistry Department, Brookha-
While the capsid proteins were very well resolved and un-ven National Laboratory (Upton, NY 11973) (Bernstein et
ambiguous, no RNA was observed on the interior of theal., 1977). Display and analysis of the viral coordinates
virus. This was as expected, because there was no reasonwere carried out with ‘‘O’’ (Jones and Kjeldgaard, 1990)
to believe that the RNA, even if associated with the coatand with X-PLOR Version 3.1 (Bru¨nger, 1992) running
proteins, should assume a distribution compatible with theon an SGI 340 VGX. Buried area of the molecules was
T  1 icosahedral symmetry of the capsid. It should, how-calculated with the program MS (Connolly, 1983) and
ever, be noted that low-angle neutron scattering studieselectrostatic potential of the accessible surface of the
based on H2O/D2O matching indicated RNA to be organizedmolecule by GRASP (Nicholls et al., 1991). Pairwise inter-
as helical segments and disposed along the edges of theactions were calculated using S. Sheriff’s program CON-
icosahedron (Bentley et al., 1987).TACSYM with standard van der Waals radii (Gelin and
The structure of SPMV was solved from cubic crystalsKarplus, 1979). Secondary structure predictions for the
grown at 47 from 45% saturated ammonium sulfate at pHsingle-stranded RNA genomes were performed with the
7.0. These crystals contained two virus particles in theprogram FOLD (Devereux et al., 1984) employing the al-
unit cell, but, because of the high symmetry, had only agorithm of Zucker and Stiegler (1981). Stereochemical
pentamer of the capsid proteins as the asymmetric unit.quality of a model was analyzed with PROCHECK
Multiple isomorphous replacement with data collected(Laskowski et al., 1993). Figures were generated by MOL-
on a multiwire area detector system and conventionalSCRIPT (Kraulis, 1991), ‘‘O’’, and GRASP.
rotating anode source was used for the structure solu-
tion, but for high-resolution refinement to 1.9 A˚ resolutionRESULTS
synchrotron data were employed (Ban and McPherson,
The structure determinations
1995). As was the case with STNV, the electron density
maps of SPMV revealed no ordered binding of RNA toBefore undertaking any structural comparison it may
the capsid protein.be useful to review some aspects of the crystallographic
The structure of STMV was solved by methods similaranalyses. These are summarized in Table 1. It often hap-
pens that some similarities or differences may be conse- to those used for STNV and SPMV but from orthorhombic
/ m4655$7619 11-21-95 02:08:08 vira AP-Virology
573STRUCTURAL COMPARISON OF PLANT SATELLITE VIRUSES
crystals grown at room temperature from 15% saturated appears to be buried in the interior of the virus. STNV is
the only virus where the amino-terminal strand forms anammonium sulfate. These had one-fourth, or 15, capsid
subunits as the asymmetric unit (Larson et al., 1993b). a-helix which points toward the interior of the capsid. In
both STMV and STNV the amino-terminal strands con-Multiwire area detector data with a conventional rotating
anode source were used for both structure solution and taining the basic residues enter the core of the capsid
close to the icosahedral threefold axes of symmetry. Thisrefinement (S. B. Larson and A. McPherson, unpublished
results). The 1.8 A˚ data for the latter, however, were is true for many T  3 viruses as well, although in T 
3 viruses the icosahedral threefold axis is coincident withcollected from unusually large crystals grown in micro-
gravity (Day and McPherson, 1992). the quasisixfold axis. Thus in the case of T  1 viruses
the N-terminus goes into the interior of the viral particleA striking and unique result was obtained in the analy-
sis of STMV. The electron density map in this case clearly at the wide end of the jelly roll (threefold axes of symme-
try) and in T  3 particles it disappears internally at theshowed the presence of RNA bound to the capsid pro-
tein. This RNA appeared as 7-bp segments of double- narrow end of the jelly roll where quasisixfold axes are
located. The N-terminal region of the T 3 capsid proteinhelical RNA with an additional stacked base at either
3* terminus. The double-helical segments were closely is also frequently the molecular switch that differentiates
fivefold and quasisixfold axes (Rossmann and Johnson,associated with coat protein dimers in such a way that
the icosahedral twofold axes were coincident with dyad 1989). It is not the case, however, for SPMV. Here the
electron density of the amino-terminal strand disappearsaxes of the helical segments of RNA. Their orientation
along the icosahedral edges, and distribution on the inte- in the proximity of the twofold axis of icosahedral symme-
try. This implies that if the arrangement of RNA in therior of the protein capsid, were consistent with T  1
icosahedral symmetry. In total, about 45% of the RNA of interior of the three viruses is very similar, then the inter-
action of the amino-terminal strand of SPMV with theSTMV was visualized in the structure.
RNA is quite different from that of the other two viruses.
Conversely, if the amino-terminal strands make the sameComparison of the monomer structures
interactions in all three viruses then it means the RNA is
arranged differently for SPMV than for the other satelliteAs it is clear from Fig. 1, the major feature common to
the coat proteins of the three viruses is the eight- viruses.
In all three cases, the 16 amino acids of the aminostranded ‘‘jelly-roll’’ b-barrel that forms the core of each.
It occupies the C-terminal portion of the proteins for termini include at least five basic residues; STMV —2
Arg and 3 Lys, STNV —3 Arg and 2 Lys, and SPMV —1STNV and STMV and the central portion of the polypep-
tide in the case of SPMV. Other than that, the shapes, Arg and 6 Lys. In all cases the basic amino acids are
assumed to interact with and neutralize negativelysizes, and general arrangement of the strands in the
three monomers are completely different. STMV and charged phosphates of the RNA. The SPMV capsid can
neutralize 92% of the negatively charged phosphates ofSPMV coat proteins are more similar to each other than
either is to STNV but when paired with one another their the RNA in the interior, while the STNV capsid, containing
1239 nucleotides, can only neutralize 72% of the phos-features are not remarkably similar.
The orientations and dispositions of the b-barrels with phates of the RNA. This suggests that there is a signifi-
cant excess of negative charge within STNV that mustrespect to the icosahedral axes are also quite different
for the three viruses. STNV capsid protein, for example, be neutralized by other ions or polyamines.
The volumes available to RNA are 1.4 and 1.6 timesis rotated almost 707 around the long axis with respect
to the STMV and SPMV monomers (Fig. 2). There is also larger for STMV and STNV compared with SPMV, but the
amount of RNA is 1.2 and 1.5 times greater than thea significant difference in the angle that the long axis of
the jelly roll forms with respect to the fivefold axes of amount of RNA in SPMV. Comparing the inner surface
area of the capsids, however, we find STMV 1.2 timessymmetry. The only similarity that can be observed is
that the narrow points of the subunits in all three cases greater and STNV 1.4 times greater than SPMV. This
implies that, in the case of these three T  1 viruses,point toward the fivefold axes of symmetry. This we found
surprising if there was to be a distinct structure– function envelopes which are required to pack more nucleic acid
do this by proportionately increasing the inner area of therelationship ascribed to the b-barrels, vis-a`-vis capsid
architecture. The dissimilarity, however, readily explains capsid. This, however, results in increased dead space at
their core. This may reflect a requirement for nucleic acidthe failure of any one virus to provide a sufficiently pre-
cise model for any other as far as molecular replacement to interact with the capsid during viral assembly.
approaches to X-ray structure determination were con-
cerned. The dimer structures
The only other feature common to the three coat pro-
teins is an (presumably) extended N-terminal polypeptide The capsid dimers of STMV, STNV, and SPMV, pre-
sented in Fig. 3, do not resemble one another in termsof more than 16 amino acids that leaves the surface and
/ m4655$7619 11-21-95 02:08:08 vira AP-Virology
574 BAN, LARSON, AND MCPHERSON
FIG. 1. Ribbon diagrams of individual subunits of the coat proteins of three satellite viruses shown with respect to the icosahedral axes of
symmetry. The capsid proteins are composed of an eight-stranded jelly-roll b-barrel and an extended amino-terminal helix in the case of STNV, an
extended amino-terminal strand in the case of STMV, and an extended carboxy-terminal strand in the case of SPMV. The figure was generated by
MOLSCRIPT (Kraulis et al., 1991).
of interfaces or their extent, interactions, or orientations In SPMV, on the other hand, the dimer interface buries
only 640 A2 and is otherwise very simple and sparse. Aminowith respect to the icosahedral dyad axes. The dimer of
STMV represents a very close association with intricate acids belonging to the first b-strand (B) of the monomer
form a b-ribbon with a symmetry mate across the dyadbonding interactions over a large buried surface area of
1780 A2 (Table 2). The amino-terminal polypeptides of and make the b-sheet of one contiguous with the other.
This is similar to the continuous sheet structures formedthe two embrace one another and form additional strands
to the b-barrels of the other. At the immediate interface by the Southern bean mosaic virus and tomato bushy stunt
virus (Rossmann et al., 1983) around their icosahedral two-are prominent, symmetry-related, tryptophan stacking in-
teractions and numerous cooperative contacts with the fold axes. This interface is tenuous and it appears that it
could be easily disrupted. There are relatively few contactsnucleic acid. In STMV, the dimer is surely the structural
and assembly unit of the capsid. between twofold related monomers.
/ m4655$7619 11-21-95 02:08:08 vira AP-Virology
575STRUCTURAL COMPARISON OF PLANT SATELLITE VIRUSES
FI
G
.
2.
Th
e
vi
ra
lp
ro
te
in
m
on
om
er
s
vi
ew
ed
fr
om
th
e
ex
te
rio
r
of
th
e
vi
ru
s
sh
ow
in
g
th
ei
r
re
la
tio
ns
hi
p
to
th
e
ic
os
ah
ed
ra
l
ax
es
of
sy
m
m
et
ry
.
Th
er
e
is
a
la
rg
e
di
ffe
re
nc
e
in
th
e
ro
ta
tio
n
an
gl
e
ab
ou
tt
he
fiv
ef
ol
d
ax
is
of
sy
m
m
et
ry
be
tw
ee
n
S
TN
V
an
d
th
e
ot
he
r
tw
o
vi
ru
se
s.
Th
e
S
TN
V
su
bu
ni
t
is
,f
ur
th
er
m
or
e,
ro
ta
te
d
ar
ou
nd
its
lo
ng
ax
is
by
ap
pr
ox
im
at
el
y
70
7.
FI
G
.3
.T
w
of
ol
d
ca
ps
id
pr
ot
ei
n
in
te
ra
ct
io
ns
fo
r
th
e
th
re
e
sa
te
lli
te
vi
ru
se
s.
S
TM
V
in
th
is
co
m
pa
ris
on
sh
ow
s
th
e
gr
ea
te
st
ar
ea
of
in
te
ra
ct
io
n.
Th
is
is
pr
im
ar
ily
be
ca
us
e
of
lo
ng
am
in
o-
te
rm
in
al
st
ra
nd
s
w
hi
ch
ex
te
nd
ar
ou
nd
a
tw
of
ol
d
re
la
te
d
m
on
om
er
an
d
di
sa
pp
ea
r
in
to
th
e
in
te
rio
r
of
th
e
pa
rt
ic
le
ne
ar
th
e
th
re
ef
ol
d
ax
is
of
sy
m
m
et
ry
.
/ m4655$7619 11-21-95 02:08:08 vira AP-Virology
576 BAN, LARSON, AND MCPHERSON
TABLE 2
(A) Intersubunit Buried Surface Area
Area
Category Subunit (A˚2) % NRES NATM
SPMV 2 mer 639.5 50.0 28 77
SPMV 3mer 2 –1 773.1 49.3 24 96
SPMV jelly roll 2 –1 451.7 28.8 16 62
SPMV C-term 2 –1 321.4 20.5 8 34
SPMV 3mer 1 –2 796.1 50.7 35 104
SPMV 5mer 1 –2 493.1 47.0 17 60
SPMV 5mer 2 –1 555.4 53.0 19 59
STMV 2mer 1 –2 1782.3 50.1 56 224
STMV 2mer beta 1 –2 727.7 20.4 19 90
STMV 2mer jelly 1 –2 1054.6 29.6 37 134
STMV 3mer 1 –2 653.5 49.5 22 81
STMV 3mer 2 –1 666.9 50.5 23 81
STMV 3mer beta 2 –1 286.1 21.7 8 33
STMV 3mer jelly 2 –1 380.8 28.8 15 48
STMV 5mer 1 –2 405.8 48.7 14 52
STMV 5mer 2 –1 427.5 51.3 16 57
STNV 2mer 647.1 50.2 23 75
STNV 3mer 1 –2 610.8 51.2 19 77
3mer alpha term 1 –2 286.5 24.0 8 33
3mer jelly roll 1 –2 348.3 29.2 12 48
STNV 3mer 2 –1 581.9 48.8 25 85
3mer alpha term 2 –1 207.4 17.4 9 28
3mer jelly roll 2 –1 400.3 33.6 17 59
STNV 5mer 1 –2 850.4 49.9 33 106
STNV 5mer 2 –1 852.4 50.1 34 102
5mer alpha term 2 –1 219.6 12.9 9 27
5mer jelly roll 2 –1 663.3 39.0 26 76
(B) Intersubunit Interactions
Category Subunit NRES NATM NHBD SLT NVDW
SPMV 2mer 13 32 14 2 39
SPMV 3mer 2 –1 23 81 18 2 188
SPMV jelly roll 2 –1 15 55 9 2 119
SPMV C-term 2 –1 8 26 9 2 69
SPMV 3mer 1 –2 28 85 18 2 188
SPMV 5mer 1 –2 14 40 6 0 77
SPMV 5mer 2 –1 12 36 6 0 77
STNV 2mer 17 58 6 4 131
STNV 3mer 1 –2 12 36 6 0 69
STNV N-term 1 –2 6 14 0 0 30
STNV jelly roll 1 –2 6 22 6 0 39
STNV 3mer 2 –1 13 38 6 0 69
STNV N-term 2 –1 4 12 1 0 19
STNV jelly roll 2 –1 9 26 6 0 50
STNV 5mer 1 –2 21 57 8 2 104
STNV 5mer 2 –1 20 51 8 2 104
STMV 2-mer 41 145 20 0 316
STMV N-term 16 62 8 0 124
STMV jelly roll 25 83 12 0 192
STMV 3mer 1 –2 16 56 12 0 98
STMV 3mer 2 –1 18 52 12 0 98
STMV N-term 2 –1 8 26 4 0 47
STMV jelly roll 2 –1 10 26 8 0 51
STMV 5mer 1 –2 11 40 8 4 75
STMV 5mer 2 –1 9 38 8 4 75
Note. Intersubunit buried surface area and contacts for the three viruses with a breakdown for the core of the monomer and a 7-amino-acid carboxy-
terminal extension for SPMV, 19 amino-terminal amino acids which form an extension for STMV, and 12 amino acids which constitute amino-terminal
helix in STNV. This was done only when these secondary structural elements were involved in contacts. NRES and NATM indicate number of residues
and number of atoms, respectively, participating in interactions between subunits. (A) Buried surface area was calculated using Connolly’s algorithm with
a 1.7 A˚ radius probe. Percentages are of the total buried area between the two interacting subunits indicated in the column on the left. (B) Van der Waals
contacts are shown (column NVDW), for which the maximum interatomic distance is 4.11 A˚, and probable hydrogen bonds (column NHBD), for which
the maximum distance between electronegative atoms is 3.5 A˚ (selected according to the geometry as well as the distance criterion); maximal distance
for a salt link is 3.8 A˚ (column SLT). When nonsymmetric interactions occur, in trimers and pentamers, the number of hydrogen bonds provided by each
surface is assigned: molecule 1 –2 and molecule 2 –1. The contacts which are mediated through water molecules and metal ions are not listed in this
table. Metal ions add to the strength of interaction in the case of STNV where there are two Ca2/ ions between trimers and one at the fivefold axis of
symmetry.
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For STNV the interaction between twofold related sub- teins with respect to the fivefold axes of symmetry. For
example, a monomer in STNV is rotated approximatelyunits is stabilized by a pair of salt links and 650 A˚2 of
buried surface area. This is the most extensive interface 357 around the fivefold axis when compared with an
equivalent SPMV monomer.in STNV with regard to the number of van der Waals
contacts. Because of the different orientation of subunits
in this virus this interface is generated primarily by the The viral capsids
loops following the bG-strand and loops between the bE
and bF strands. The capsids of STNV, STMV, and SPMV are shown in
Fig. 6. The capsid of SPMV is the smallest. The entire
The trimer structures virus viewed down the fivefold axis of icosahedral sym-
metry has loops which gather to form a pronounced
For STMV and STNV the trimer interactions, illustrated
crown arrangement that gives the appearance of a slight
in Fig. 4, are significant but not exceptional. Of the sur-
puckering. A similar protrusion which forms a cusp is
face area, 650 A2 and 610 A2, respectively, are buried,
pronounced in STNV, giving the virus an obvious icosa-
and there are 12 and 6 hydrogen bonds, respectively,
hedral shape, but this is virtually absent in STMV. The
mediating the contacts. The residues surrounding the
cusp on the fivefold axis in STNV could be a conse-threefold icosahedral axes in STMV are provided by the
quence of the significantly different orientation of theshort helical loop immediately following the bG strand.
protein subunits with respect to the icosahedral axes asHelices at the amino-terminal region of STNV form three
discussed above. From the graph in Fig. 7, it can be
helix bundles pointing toward the interior of the capsid,
deduced that the outer diameters for SPMV, STMV, and
presumably interacting with the RNA. There are also two
STNV are approximately 160, 166, and 180 A˚, and that
metal ions found at the threefold interface of STNV which
the inner diameters for the three viruses are approxi-
add to the total number of hydrogen bonds at this inter-
mately 114, 126, and 136 A˚.
face. For SPMV, the threefold contacts are considerably
The distribution and orientation of protein monomers
more extensive with almost 800 A2 of buried surface, 188
in the three T  1 viruses are considerably different. An
van der Waals contacts, 18 hydrogen bonds, and 2 salt
interesting comparison can be made in terms of the ex-
linkages per interface. This is primarily due to the ex-
tent of interactions such as buried surface area, number
tended carboxy-terminal peptide which is responsible for
of contacts, hydrogen bonds, and salt links between two-44% of the total buried area between trimers. This strand
fold, threefold, and fivefold related subunits of the threeextends toward the surface of the virus on the outer side
viruses. This is summarized in Table 2. It should beof the trimer. As was true with the icosahedral twofold
pointed out, however, that this summary does not take
axes, the dispositions of the core b-barrels in the three
into account interactions generated by water molecules
viruses with respect to the icosahedral threefold axes
and metal ions.
are completely different in the three capsid shells.
The nucleic acidThe pentamer structures
Pentameric interactions, presented in Fig. 5, are by far Of the three satellite viruses, only in STMV was RNA
ordered and clearly visible. This was visualized as 30the most extensive and intricate for STNV, and based on
this feature alone, the pentameric unit could serve as segments of double-stranded helical RNA of 7 bp with
additional stacked bases at the 3* termini of each strandthe organizing unit in assembly. The pentamers are
capped on the symmetry axes by Ca2/ ions liganded by in the duplex. The central dyad axis of each RNA duplex
was coincident with that of the protein dimers and thethe carbonyl oxygens of Thr138 and two water molecules.
This contributes additional rigidity and stability. In the icosahedral twofold axes. In all nearly 45% of 1059 bases
of the STMV RNA genome was visible. This remains thepentamer from STMV, on the other hand, there is also
an ion on the fivefold axis, but it is almost certainly an most nucleic acid yet seen in the interior of any virus.
In neither STNV nor SPMV was RNA clearly visible inanion coordinated by Asn115 and Asn117. In this pen-
tamer, however, there are few other contacts and only a the electron density maps, though in the case of SPMV
some suspect RNA was detected in the neighborhoodsparse network of hydrogen bonds. In STMV, therefore,
the pentameric assembly does not appear to be a crucial of the pentameric axis. While no RNA was visualized in
STNV by X-ray diffraction, neutron scattering did revealstructural unit. Interactions between pentameric subunits
in SPMV are similar in terms of buried surface area and the presence, at low resolution, of RNA. This was inter-
preted as short double-helical segments of RNA alignedhydrophobic contacts to STMV. SPMV has no ions on its
fivefold axes, and there are no salt links between fivefold along the icosahedral edges. Remarkably, this was es-
sentially the same arrangement seen at high resolutionrelated subunits. As was true for the icosahedral two-
and threefold axes, there is no correspondence between in the X-ray diffraction structure of STMV. Thus, there is
some reason to believe that, at least for STMV and STNV,the orientations of the b-barrel cores of the capsid pro-
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FIG. 7. Graph of the number of atoms as a function of distance from the viral center for the three viruses. The average inner and outer radii of
the viral capsid can be taken as half the maximum height of the curve on the inside and the outside of the capsid, respectively.
the conformation and packing of RNA in the interior of is summarized in Table 3. Considering the structural and
biochemical differences, it is not unreasonable to pro-the capsid may be similar.
pose that the assembly pathways of the three virusesExamination of the electrostatic surfaces exposed by
may be different as well. In STMV the prominent electro-each STMV dimer to the double-helical RNA might indi-
static and stereochemical complementarity between coatcate whether similar regions exist in the other two vi-
protein dimers and segments of double-helical RNA onruses. Interestingly, the STMV dimer does posses a char-
the interior immediately suggest that assembly of STMVacteristic pattern, in the shape of a reversed letter S, of
involves close, coordinated, and probably cooperativepositively charged surface oriented toward the interior of
interaction between the RNA and the coat protein. Thethe virus. A similar pattern is not observed in STNV and
absence of such features for STNV and SPMV suggestSPMV. This is shown in Fig. 8. Examining a larger inner
protein– nucleic acid interactions may be less pro-surface of the three viruses with respect to electrostatic
nounced. It should be noted, however, that no instancepotential reveals that both STNV and SPMV have highly
of ‘‘empty heads’’ for any of these three viruses has beenpositively charged surfaces on the interior of their pen-
reported. In addition, double-helical RNA has been postu-tamers. This is the region where fivefold averaged den-
lated to be associated with capsid protein of STNV basedsity which could be assigned to RNA was located in the
on low-angle neutron diffraction studies. These indicatecrystallographic studies of STNV and SPMV (Liljas et al.,
that, even though not as prominent as in STMV, protein1982; Ban and McPherson, 1995).
RNA interactions may play some role in assembly of
STNV and SPMV.DISCUSSION
The inner electrostatic surfaces of dimers, trimers, and
Although the three satellite viruses appear superfi- pentamers, all possible assembly intermediates, and the
cially similar in many regards, the salient feature of this physical interfaces between monomers within the capsid
comparison is the striking dissimilarity that characterizes further suggest that the assembly sequences and mech-
them at a more detailed level. The comparison of the anisms might be more diverse. For STMV the dimer is
almost certainly the crucial unit for construction, forthree T  1 viruses on a biochemical and structural level
FIG. 6. The three viral capsids viewed along an icosahedral fivefold axis of symmetry. Only Ca atoms are shown for clarity. One pentamer on
the surface of the virus is shown in a different color. The three viruses are drawn to scale. STNV is the largest, shown in white and red. The
smallest virus, SPMV, shows an obvious crown-like arrangement of loops around the fivefold axis, giving it a unique appearance. It is displayed in
bottom left in gold and blue. Extended amino-terminal strands are obvious in STMV at bottom right shown in purple and cyan. Figure was generated
by ‘‘O’’ (Jones and Kjeldgaard, 1990) and displayed on an SGI 340 VGX workstation.
FIG. 8. The interior surface of the viral protein dimers colored according to the electrostatic potential; positive potential is indicated by blue,
negative in red. The bottom two representations are both from STMV, one with and one without the double-helical RNA. The RNA is shown as a
stick model in red consistent with the negative charge of the RNA phosphates. The surface was calculated by GRASP (Nicholls et al., 1991) and
displayed on an SGI 340 VGX workstation.
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SPMV the trimer is more likely, and for STNV the pen- ing any unifying principle that implies either divergence
from a common source or convergence to a commontamer appears to be the most cohesive unit. In each case
these oligomers maintain the greatest surface contact motif. The latter hypothesis seems particularly unlikely
because the major structural features of the coat pro-area and electrostatic and stereochemical complemen-
tarity, maintain the most intricate bonding arrangements, teins, the b-barrels, are so dissimilar in detail and dispo-
sition within the icosahedra. In addition to the lack ofand present the most attractive surfaces to the nucleic
acid. sequence homology between viruses, the locations of
the eight b-sheet strands with respect to the linear aminoDisassembly, too, may take place by different path-
ways. It has been suggested that for some viruses re- acid sequence of the protein are, as indicated in Fig. 9,
very different.moval of Ca2/ from the capsid could cause dissociation
of the capsomers (Durham et al., 1977). While this is Plant viruses in the wild, however, often coinfect the
same host and in doing so generate genetic recombi-possible for STNV, it clearly cannot be the case for either
STMV or SPMV, which lack Ca2/. In fact, it is unlikely nants. This process could provide a mechanism for the
genesis of the T 1 viruses. One could postulate that thethat any fivefold ‘‘linchpin mechanism’’ exists, Ca2/ or
otherwise, for these two satellite viruses. satellite viruses may have originated by splicing together
elements of the genomes of various T  3, or T  N,Given the propensity for economy displayed by most
viruses, a reasonable question is why the satellite vi- naturally occurring plant viruses, taking a piece of the
coat protein here, a replicase binding site there, etc.ruses contain even more nucleic acid than is required
to effect replication and code for the amino acid se- This hybrid, abbreviated genome could then produce a
packaging coat, a protein resembling one virus, whilequence of the coat protein. This amount of ‘‘extra’’ RNA
ranges from 380 nucleotides for SPMV to 580 and 650 establishing a different helper virus relationship based
on the replication binding site of another. Such a virusnucleotides for STMV and STNV, respectively.
It might well be that the additional RNA is needed to could mutate rapidly, while preserving the core topology,
so that it did not show homology with the virus that itprovide a structural framework for the capsid, or to effect
a temporal and spatially ordered addition of protein sub- originated from, nor the new helper. This is particularly
likely for RNA viruses since the rate of change for RNAunits to the RNA during assembly. Perhaps the RNA has
a dual coding responsibility, its sequence providing a genes far exceeds the rate of change for DNA genes
(Holland et al., 1982). This would explain both the lackgenetic function vis-a`-vis the coat protein, its secondary
structure a code for the ordered assembly of the virus. of homology or immuno-cross-reactivity with the helper
virus and how the b-barrel protein core arose at theThat is, the RNA serves an additional role, as it probably
does in the assembly of ribosomes, as an organizational same time.
Satellite viruses then, in an evolutionary sense, mightframework whose presentation of binding sites directs
assembly. This would explain the excess of RNA and at be hybrid structures composed of bits and scraps of
larger, more complex viruses. If this is the case, thenthe same time restore viral respect for molecular thrift
and efficiency. additional satellite viruses may be continuously created
in the wild and their ability to survive tested by the envi-Some common structural features of the satellite vi-
ruses, such as the b-barrels of the coat proteins, suggest ronment.
Of the three satellite viruses analyzed by X-ray diffrac-an evolutionary relationship, but there seems to be lack-
TABLE 3
Structural and Biochemical Comparison between Four T  1 Viruses
Resolution
Mr Diameter Host Ion on structure RNA
Virus T (daltons) (A˚) Helper virus plant Genome size Coat protein fivefold 3*tRNA (A˚) visible
STNV 1 1.67 1 106 180 Tobacco necrosis Tobacco 1239 bases 195 aa Ca2/ No 2.5 A˚ No
virus (icos.) Mr 415,000 Mr 21,000
STMV 1 1.40 1 106 166 Tobacco mosaic Tobacco 1059 bases 159 aa anion Yes 1.8 A˚ Yes
virus (rod) Mr 350,000 Mr 17,500 (SO204 ) (His)a (45%)
SPMV 1 1.30 1 106 160 Panicum mosaic Millet 825 bases 157 aa None No 1.9 A˚ No
virus (icos.) Mr 275,000 Mr 17,000
SMW 1 1.84 1 106 NDb Maize white line Maize 1168 bases 208 aa ND ND ND ND
LMV mosaic virus Mr 389,000 Mr 24,000
(icos.)
a The tRNA-like structure was biochemically proven for STMV (Felden et al., 1994).
b ND, not determined.
/ m4655$7619 11-21-95 02:08:08 vira AP-Virology
582 BAN, LARSON, AND MCPHERSON
tion analysis, STMV seems most unique. Of the three,
the capsid of STMV seems most intricately woven and
exhibits the most substantial interfaces between sub-
units. The RNA is systematically organized and packaged
in the capsid so that it obeys icosahedral symmetry. The
remarkably close interaction of the dimers of coat protein
suggest an assembly pathway involving sequential, co-
operative, perhaps programmed complexation of protein
and nucleic acid. Neither STNV nor SPMV exhibit these
properties.
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